Pigeonpea, a drought tolerant, semi-arid pulse crop has been investigated for the expression of differentially expressed genes (DEGs) under drought stress. The cDNA library of soybean leaf tissue retrieved from the Unigene database of the NCBI, were compared for in silico expression using IDEG6 web statistical tool. A list of 52 non-redundant DEGs consisting of 11 up-regulated and 41 down-regulated was obtained. Among these, more photosynthesis and light harvesting proteins were down-regulated in drought stress conditions. Pathways were assigned based on KEGG database, revealing 32 genes involved in 17 metabolic pathways. Homologous sequences of six up-regulated genes namely, ADF3, APB, ASR, DLP, LTP1, and UGE5 were then used for quantitative reverse transcription PCR (qRT-PCR) in pigeonpea. The qRT-PCR result revealed the significant up-regulation of dehydrin-like protein (DLP) (5.02 log2 fold) and down-regulation of acid phosphatase class B family protein (APB) (9.43 log2 fold) and non-specific lipid transfer protein 1-like (LTP1) (18.81 log2 fold) in pigeonpea water-stressed leaf sample compared to well-watered leaf samples. No significant difference was observed in the stressed root compared to the stressed pigeonpea leaf sample except that APB showed an up-regulation of 11.35 log2 fold change.
Introduction
Sharad Tiwari ( ) E-mail: ckramck@yahoo.co.in / krishnabiotech2003@gmail.com Tel: +91 8282256235 / Fax: +91 8282256255 Drought is one of the major abiotic stress conditions limiting the crop productivity all over the world and future climate change is predicted to exacerbate its frequency and severity due to altered rainfall patterns and higher temperatures (Setter et al. 2010) . Several metabolic pathways and signaling molecules are involved in drought stress (Gong et al. 2010; Nakashima et al. 2009 ) that leads to stress tolerance in plants.
The quantitative reverse transcription PCR (qRT-PCR) has been widely used by the researchers (Gachon et al. 2004 ) for validation of suppression subtractive hybridization, cDNA library, microarray, and other high throughput studies. The differential expression of expressed sequence tags (ESTs) or genes under drought conditions have been demonstrated by qRT-PCR in many of the crop plants ( Barozai and Husnain 2011; Chen et al. 2010; Lata et al. 2010) . In the present investigation, in silico soybean cDNA libraries have been analyzed to identify the drought-responsive genes. It revealed a total of 11 up-regulated and 41 down-regulated genes. Among them, six up-regulated genes were selected and qRT-PCR was performed in pigeonpea for their response to drought stress.
Materials and Methods

In silico cDNA libraries of soybean
The Unigene database of the NCBI (http://www.ncbi.nlm. nih.gov/unigene) has a tissue-specific grouping system which is used for accessing drought stressed and unstressed libraries. Presently, 321 cDNA libraries of soybean are available in the Unigene database, of which 26 libraries belong to the leaf tissue. Six leaf cDNA libraries having more than 1,000 ESTs in each were selected and among these, five unstressed libraries was compared with a drought stressed library of soybean (Supplementary Table 1 ).
Identification of DEGs and tracing of metabolic pathways
The identification of DEGs in the drought stressed cDNA library was done based on ESTs count in each Unigene entry using the online IDEG6 web statistical tool (Romualdi et al. 2003 ; http://telethon.bio.unipd.it/bioinfo/IDEG6_form). Each Unigene entry represents a single gene in the cDNA library and singleton is a Unigene entry containing a single EST. Audic and Claverie test, Fisher exact test, and Chi-square (X 2 ) test (P = 0.05)were employed for the identification of DEGs. The non-redundant genes of soybean identified by IDEG6 were used for the tracing of metabolic pathways using the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/) which is a collection of online databases dealing with genomes, enzymatic pathways, and biological chemicals (Ogata et al. 1999) .
Drought induction and tissue harvest
Pigeonpea seeds of cultivar Asha (ICPL 87119) variety obtained from the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, India was used for the study. Plants were raised in pots containing 2:1 proportion of coarse sand and clay, maintained under greenhouse conditions (26 ± 2°C and 30-40% relative humidity).
After 20 days of sowing, water was withheld to induce water stress conditions in the testing plants while the control pots were irrigated normally. The plant water status was evaluated by the relative water content (RWC) method (Barrs and Weatherley 1962) . The fully expanded leaves were weighed to get fresh weight (FW) and hydrated for full turgidity in Petri dishes containing deionized water at room temperature for 6 hours in dark conditions. After full turgidity, surface water was blot dried and weighed immediately to get the turgid weight (TW). Turgid leaf samples were then dried overnight at 65°C and weighed for dry weight (DW). Leaf RWC was calculated using the equation: RWC (%) = [(FW-DW) / (TW-DW)] × 100. The RWC was monitored on alternate days until it reached 60% with visual stress symptoms in plants. The leaves and roots from the stressinduced and control plants were harvested separately, flash frozen in liquid nitrogen, and stored at -80°C for future use.
Isolation of total RNA and first strand cDNA synthesis
Total RNA was isolated from pigeonpea samples using plant total RNA mini kit (cat#YRP50, Real Biotech Corporation, Taiwan) as per the manufacturer's protocol. Finally, the total RNA was eluted with 50 µL of RNase-free water and stored at -80°C. RNA was then assessed for quality and quantity using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, USA) with RNase-free water as blank.
The single stranded cDNA was prepared by using First Strand cDNA synthesis Kit (cat#K1611, Fermentas, USA) as per the manufacturer's protocol with Oligo[dT]18 primers. About 2 µg of total RNA in a single 20 µL reaction was quantitatively converted to single-stranded cDNA using standard thermal conditions.
Primer design
The primer pairs were designed for pigeonpea gene-specific sequences using Primer3plus software (http://www.bio informatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and cross validated with NetPrimer (http://www.premierbiosoft.com /netprimer/index.html) for secondary structures. All primers were synthesized at Sigma-Aldrich Pvt. Ltd. (Bangalore, India) with optimum parameters set as melting temperature (Tm) of 60 ± 2°C, primer size of 20-24 nucleotides, GC content of 45-55%, and product size of 100-150 base pairs. The specificity of primer pairs was confirmed by using BLAST analysis in NCBI against pigeonpea sequences.
qRT-PCR reaction
The reaction mixture of 10 µL containing 5 µL of VeriQuest SYBR Green qPCR Master Mix (2×) (Product number 75600, Affymetrix, USA), 1 µL of diluted cDNA, 500 nM of each gene-specific primer, and appropriate amount of sterile ddH2O was freshly mixed for the qRT-PCR experiment. PCR reactions were performed in 0.2 mL, MicroAmp® Optical 8-Tube Strips (Product number 4316567, Applied Biosystems, USA) and was done on the Applied Biosystems 7500 RealTime PCR System (Applied Biosystems, USA) to monitor the DNA synthesis. Individual components of the reaction mixtures were standardized for 10 µL volumes and were carried out in triplicates. The qRT-PCR standard thermal cycling program of initial denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing and extension at 60°C for 60 s was run. Melting curve analysis was done for all the reactions and expression level was calculated by 2 -∆∆Ct method (Schmittgen and Livak 2008) . The gene actin was used as a reference for normalizing the expression data to measure the response of predicted drought-responsive genes.
Results
In silico soybean cDNA library analysis
The six cDNA libraries of soybean leaf tissue selected for analysis are summarized in Supplementary Table 1. In the Gm-c1068 library, 5802 ESTs was analyzed and in the rest of the five normal libraries, the EST concentrations decreased. Comparison of soybean leaf cDNA libraries using IDEG6 revealed the differential expression of 105 genes ( Fig. 1 ) of which 11 were up-regulated and 41 were down-regulated, non-redundant genes as shown in Table 1 .
The non-redundant set of 52 genes was subjected to the KEGG database for pathway annotation. It revealed the presence of 32 genes in three major signaling pathways of which 42% were involved in photosynthesis: 29% in light harvesting/antenna molecules and 10% in carbon metabolism. In addition, 19% of genes involved in miscellaneous pathways were evidenced (Fig. 2) . Among the 52 (11+ 41) DEGs predicted in soybean, six up-regulated genes were selected based on their possible involvement in drought stress and their homologous sequences were searched in pigeonpea. The reported soybean reference gene actin (GenBank accession no. GQ339774) was also subjected to Blast analysis against the pigeonpea data available in NCBI. Primer pairs were designed to pigeonpea Blast-hit sequences to verify the expression of genes in qRT-PCR (Supplementary Table 2 ).
Stress induction and qRT-PCR
To measure the water content and stress imposed on plants, RWC was monitored up to the harvesting of tissue samples. RWC of > 90% was recorded before the induction of water stress and prior to tissue harvest of the control plant. RWC of 60% and visual symptoms of stress after withholding of water is considered as optimum stress for the collection of tissue samples. Total RNA extracted from pigeonpea samples using the RNA mini kit yielded OD260/280 nm absorption ratio of 2.0 ± 0.1 and OD260/230 nm absorption ratio of 1.5-2.0 in Nanodrop ND-1000 spectrophotometer and showed good integrity and purity when loaded on agarose gel. The specificity of the PCR reactions was determined by amplification plot, melting curve, and loading the qRT-PCR products on a 3.5% agarose gel. All genes yielded specific sized amplicons as predicted.
Expression of selected genes
The six up-regulated genes, namely Actin depolymerizing factor 3 (ADF3), Acid phosphatase class B family protein (APB), Abscisic acid stress ripening-like protein (ASR), Dehydrin-like protein (DLP), non-specific lipid transfer protein 1-like (LTP1), and UDP-D-glucose/UDP-D-galactose 4-epimerase 5 (UGE5)
were selected for in silico analysis and synthesis of primers. The expression of these genes was analyzed in pigeonpea leaf and root samples by qRT-PCR (Table  2) . DLP showed 5.02 log2 fold up-regulation in waterstressed leaf samples compared to well-watered leaf samples, whereas, APB and LTP1 showed down-regulation of 9.43 and 18.81 log2 fold change in stressed conditions, respective- AT1G20340  AT4G03280  AT1G03130  AT1G52230  AT1G30380  AT4G12800  AT1G08380  AT2G46820  AT3G50820  AT1G06680  AT4G05180  AT1G79040  AT1G44575  AT1G67740   AT3G54890  AT1G61520  AT3G47470   AT1G29930  AT2G34430  AT2G34430  AT2G05100  AT5G54270  AT4G10340  AT3G08940   AT4G38970  AT2G39730  AT1G32470  AT3G62410  AT5G38410  AT1G12900  AT4G01150  AT3G01500  AT1G72610  AT3G14420  AT1G32900  LOC100305954  AT3G26740  LOC100796066  AT1G23750  LOC100788953 ly. APB gene showed 11.35 log2 fold up-regulation in stressed roots compared to the stressed leaf sample and there was no significant difference observed in the rest of the genes in stressed roots.
Discussion
Drought resistance is a quantitative trait controlled by multiple genes and prediction of mechanism involved in drought tolerance is difficult. Due to the induction of drought stress, the aerial part of the plant shows the visual symptoms since photosynthesis and light harvesting molecules respond primarily at the larger proportion. Gene expression under abiotic stress is regulated by different elements and factors like DEGs, transcription factor encoding genes, promoters, microRNAs, chaperons etc., and finally gives rise to a composable trait which hence leads to stress tolerance. Pigeonpea is a major semi-arid pulse crop of India, consisting of many unexplored drought resistance genes for the development of drought resistant varieties. The cDNA sequences of pigeonpea showed more similarity with soybean and many investigators compared the cDNA sequences of pigeonpea with soybean sequences for the annotation purpose Raju et al. 2010) .
In the present study, we used the in silico soybean cDNA library available in the Unigene database for the identification of DEGs under drought stress (Supplementary Table 1 ). The drought stressed Gm-c1068 and normal Gm-c1054 library (Supplementary Table 1 ) having nearly equal concentration of ESTs yielded 34 DEGS and some are shown to be repeated among the other libraries compared. We selected six up-regulated genes in a panel of 52 DEGs comprising 11 upregulated and 41 down-regulated genes (Table 1) . Asha (ICPL 87119) variety of pigeonpea resistant to Fusarium wilt and sterility mosaic disease has been used to isolate RNA from drought and well-watered leaf and root samples. RWC is a parameter often used to assess the water retention capacity of plants. This measurement was carried out by many researchers for evaluating the drought induction in crop plants including pigeonpea (Teulat et al. 1997) . It is an important and often used criterion that indicates the effect or severity of water stress on plants. The Barrs and Weatherley (1962) method was followed to monitor the RWC in control and drought-stressed pigeonpea plants. The schematic representation of the workflow is shown in Fig. 3 .
All six genes selected for qRT-PCR analysis showed more or less involvement in drought situations. The actin cytoskeleton is essential for a wide variety of cellular processes, ranging from cell division and morphogenesis to cell polarity, motility, and is required for polarized cell growth (Augustine et al. 2011) . The ADFs are one of the groups of actin-binding proteins involved in the turnover of actin filaments that occurs via polymerization, depolymerization, severing, nucleation, as well as large-scale translocation events (Augustine et al. 2011) . In Arabidopsis, ADF3 was induced following infection by plant nematodes and it persisted in feeding sites of the plant (Fuller et al. 2007 ). Proteomic analysis of rice leaves revealed up-regulation of ADF during drought stress (Ali and Komatsu 2006) indicating the involvement in drought stress response. In our study, the ADF3 gene was down-regulated in pigeonpea leaf under drought stress showing its response to drought.
Phosphorus (P) is an essential macro-nutrient for plant growth which is catalyzed by Acid phosphatases (APases) through the breakdown of phosphomonoesters. The increase in secretion of APases is one of the ways that plants adapt to P deficiency. Higher expression of purple acid phosphatase in transgenics showed great potential for improving plant P acquisition and biomass yield in P-deficient agricultural soils . From our study, APB gene showed downregulation under drought stress in pigeonpea that might be affected by stress induction. It also showed differential expression between drought-stressed leaf and root samples.
The ASR genes in various species are presumed to act as Stressed root compared to stressed leaf (Log2-fold change)
part of a transcription-regulating complex involved in plant development processes such as senescence, fruit ripening, pollen maturation, and glucose metabolism. It also responds to different abiotic stress factors, including drought, salt, cold, and limited light (Liu et al. 2010) . ASR orthologues have been cloned from a wide range of plant species including tomato, maize, pummelo, loblolly pine, apricot, pear, lily, rice, and grape (Carrari et al. 2004 ). Over-expression of lily ASR gene in Arabidopsis displayed a reduced sensitivity toward ABA during seed germination, dormancy, and stomatal closure. ASR transgenic plants exhibit markedly enhanced drought and salt resistance suggesting a dual role as a regulator as well as a protective molecule upon water deficit (Yang et al. 2005) . Here it showed a slight reduction in expression under drought stress indicating less involvement during drought response.
Dehydrins are a class of hydrophilic thermostable stress proteins with a high number of charged amino acids that belong to the Group II Late Embryogenesis Abundant family, expressed during late embryogenesis. They also expressed in vegetative tissues subjected to drought, low temperature, and high salt conditions (Liang et al. 2012; Yang et al. 2012) . These are key components of dehydration tolerance associated with the maintenance of protein structure and water-binding (Liang et al. 2012) . Some of the members of the dehydrin gene family from grapevine species (Yang et al. 2012) , barley (Tommasini et al. 2008) , and Arabidopsis (Puhakainen et al. 2004) responded to abiotic and biotic stress. In the present investigation, DLP gene showed significant up-regulation in drought-stressed leaves in pigeonpea, which indicates its important role during stress adaptation.
The LTPs are a group of proteins found in plants originally identified by their ability to catalyze the transfer of lipids between membranes in vitro. These proteins have been attributed to transport cutin monomers, involvement in flowering, and in plant stress responses towards pathogens, drought, and temperature changes (Jung et al. 2005; Lindorff and Winther 2001) . The LTPs were expressed in drought-tolerant plant Prosopis juliflora (George et al. 2007 ) and the transgenic plants expressing the pepper lipid transfer protein 1 gene showed high levels of tolerance to NaCl and drought stresses at various vegetative growth stages (Jung et al. 2005) . The significant down-regulation of LTP1 in pigeonpea leaf under drought stress indicates its functional importance in drought situations.
Complex carbohydrate synthesis in plants requires enormous machinery that is mediated by the activities of different carbohydrate acting enzymes (Scheible and Pauly 2004) . UDP-glucose 4-epimerase (UGE) is a family of five UGE isoforms encoded in the Arabidopsis genome which freely inter-converts UDP-glucose and UDP-galactose and shows in vitro variations in substrate affinity, cofactor requirement, and metabolite inhibition profile (Barber et al. 2006 ). The UGE5 is co-regulated with carbohydrate biosynthetic enzymes and contributes non-specifically to UGE activity and growth under unstressed conditions but might be more specifically involved in stress situations (Roesti et al. 2007 ). It showed down-regulation in drought-stressed leaf samples of pigeonpea specifying its involvement in drought conditions.
Conclusion
Water deficit has found to alter plant gene expression and led to specific gene induction (Ingram and Bartels 1996) . In the present study, we performed an in silico analysis and investigated the expression of six genes in pigeonpea using qRT-PCR. The DLP gene showed up-regulation whereas APB, LTP1, and UGE5 showed down-regulation in leaf samples. The in silico ESTs analysis between the droughtstressed and unstressed leaf library has shown significant decrease in efficiency with respect to light harvesting and carbon fixation pathways which results in reduced yield limiting the crop productivity. Furthermore, confirmation of the DLP gene by transgenic lines will determine its functional involvement in stress tolerance. The drought stress genes and their regulatory networks in pigeonpea have immense importance which can be analyzed in detail for stress resistance mechanism and its applications in crop improvement.
